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Abstract 
Concern about the growth of greenhouse gas emissions in Victoria has prompted the introduction of 
legislation to improve the thermal performance of the residential building envelope. Unfortunately, the 
size of the house is not considered in the rating tool that underpins the legislation. The energy 
embodied in the constructional materials is also not considered although it too is directly related to the 
size of the house. Another intrinsic factor relating residential housing energy and greenhouse gas 
emissions is the location of the residence and the travel preferences of the homeowner. The 
relationship between the operational, embodied and travel energy associated with a typical residential 
scenario in Melbourne over the last 50 years is examined in this paper. The analysis found that by the 
year 2000, the energy associated with work-related travel (44%) now exceeds the operational energy 
(37%). In terms of greenhouse gas emissions, the contribution from travel energy is almost double that 
from operational energy (28%). 
1. INTRODUCTION 
My name is Joe Average and this is my story. In the early 1950s, at the age of 15, I started work in the 
office of one of Melbourne's daily newspapers and have remained there ever since. My workplace is in 
the City. When I began my working life, I lived at home with my parents in a newly constructed home 
some six kms from the City. In the early 1960s, I married and my wife and I moved into a new home 
near Box Hill, about 15 kms from the City. Every decade our family moved house. Our new homes 
were always a little larger and located further out from the City. We did this until the year 2000 when 
we moved into our present home in Chirnside Park. Although I have continued to use public transport 
to travel to work over this period, this has decreased greatly in frequency over time. 
 
It has been suggested to me that our housing and travel decisions have generated substantial and 
increasing greenhouse gas emissions. So I asked some academics to work out whether this is true or 
not. Their paper has quantified the energy use and greenhouse gas emissions due to my house size, 
style and its location. They first describe the methodology and the key assumptions they have made. 
The data assembled for the study, together with the calculated results are then presented and 
discussed, before some general conclusions of the study, both theirs and mine, are finally drawn. 
2. BACKGROUND 
Past studies have examined individual components of the present study. To the authors’ knowledge, 
however, the combined effects of the style, size and location of residential housing on energy and 
greenhouse gas emissions have not been presented previously, particularly over an extended 
timeframe. Treloar et al. (2000), for example, analysed the life-cycle energy of an Australian residential 
building and its householders. Their scenario, a young professional couple, remained in the same 
house over a 30-year time frame. In reality, Australians move houses every six years and the trend is 
to increase the size of their family home. Greenhouse gas emissions were also not calculated in these 
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authors' analysis. A history of Australian suburbia (Davison et al., 1995) provides valuable information 
about early housing styles in Melbourne and the growth of its suburbs. Although quantitative 
information is given about the growth and decline of various suburbs, this information is not used to 
determine its implications for energy use and greenhouse gas emissions. Mees (2000) discusses the 
growth of Melbourne's suburbs in relation to its public transport network and the difficulties 
experienced by its population to use this system effectively. These difficulties, both real and perceived, 
have led to a continued decline in public transport use and increasing dependence on the private 
motor car. The extent to which the motor car has shaped the development of Melbourne and its 
housing since 1950 is documented extensively by Davison and Yelland (2004). Energy consumption 
and greenhouse gas emissions for heating and cooling Melbourne's varied housing stock have been 
calculated as part of a large study of Australian residential buildings (AGO, 1999). As in the other 
studies cited earlier, however, these figures were not compared with or added to those that were 
associated with material use (size and style) or location of the dwellings. 
3. METHODOLOGY 
The characteristics (size, style, location and distance from GPO) of the six houses in which Joe and 
his family lived over the 50-year period are shown in Table 1 and have been determined in a number 
of ways using a variety of sources. Freeland (1970) states that “the vast majority of houses built 
between 1946-1950 was a standard twelve to thirteen squares”. Garden (1995), however, states that 
“in the late 1950s the average project home was ten to twelve squares” and “by the start of the 1970s 
the average home had grown to fourteen to seventeen squares”…. According to Hawley (2003), in a 
revealing article about the housing estates currently appearing on the outskirts of Sydney and 
Melbourne, the average house size has increased from 169 m2 in 1990 to 270 m2 by the end of that 
decade. All these figures have been used to estimate the likely size of Joe’s house size at the start of 
each decade, assuming that his family's choice reflects the average. The 1980 house size has been 
determined by interpolation. 
 
Brick veneer has been the dominant construction style in Melbourne for the last forty years. Davison 
and Dingle (1995) say that “in 1953-54, only one in five new Victorian houses were built in brick 
veneer, …" At the end of the decade, however, “brick veneer accounted for half of all new houses, this 
increase coming almost entirely at the expense of timber. A decade on, by the end of the 1960s, brick 
veneer completely dominated the market, accounting for four out of every five houses built, …. 
Accordingly, all Joe's houses have been brick veneer, apart from his first home. 
 
Dingle (1995) describes Melbourne's suburban growth as moving out from the GPO "with a neat 
concentric precision". Initially in the post-war housing boom, any vacant land in the older suburbs was 
used for new housing. As older suburbs "filled up", new suburbs were developed and populated. 
Dingle describes this process graphically. "At any time the outer ring of suburbs - the suburban frontier 
- is the city's main breeding zone and the main residential building site." Dingle determines which 
suburbs stopped growing and at what year by using census data to identify their population decline. 
Table 4.2 of Dingle (1995) has been used to select the location of Joe's new homes from 1950 to 
1970, assuming that he and his family moved to each respective location ten years earlier. The 
locations from 1980 onwards are suburbs, which are located progressively further eastwards along the 
Maroondah Highway. 
 
Table 1 Joe's house type and size 
 
Year Size (m2) House Type Location Distance from 
GPO (km) 
1950 93 Weatherboard Kew 6 
1960 112 Brick veneer Box Hill 15 
1970 144 Brick veneer Nunawading 18 
1980 156 Brick veneer Ringwood 24 
1990 169 Brick veneer Croydon 28 
2000 270 Brick veneer Chirnside Park 34 
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3.1. Operational Energy 
Annual operational energy use1 was based on the predictions generated by the NatHERS program 
(AGO, 1999, Appendix E). This study presents heating and cooling energy use per unit area for 
different house constructions (both detached and non-detached) in five climatic zones, Melbourne 
being in Climatic Zone 4. Although predictions of both heating and cooling energy use are available, 
cooling energy is not included in the calculations of the present study until 1980, when air conditioner 
penetration level reached 30% in Victoria (AGO, 1999, Figure 37). The NatHERS predictions used in 
this study are shown in Table 2. Variations in insulation level and floor construction, reflecting changes 
in the building practice of the day, are reflected in the house types chosen.  
 
Table 2 NatHERS predictions for selected house types  
 
Year House Type Heating 
Energy 
(MJ m-2) 
Cooling 
Energy 
(MJ m-2) 
1950 Weatherboard, no insulation 740.03 n.a.
1960 Brick veneer, timber floor, no insulation 744.78 n.a.
1970 Brick veneer, timber floor, 75 mm ceiling insulation 516.13 n.a.
1980 Brick veneer, concrete floor, 75 mm ceiling insulation 476.36 48.21
1990 Brick veneer, concrete floor, 75 mm ceiling insulation 476.36 48.21
2000 Brick veneer, concrete floor, 75 mm ceiling + wall insulation 382.19 41.98
 
 
The estimates of heating and cooling energy presented by the AGO (1999) are for "demand" or 
delivered energy i.e. the energy required to heat or cool a particular space. In order to determine the 
"bought" or consumed energy, the appliance efficiency must be included to determine the amount of  
energy used or "bought" by the householder. The AGO report recommends that gas space heating 
and cooling appliance efficiencies of 70% and 250% be used respectively (AGO, 1999; Table 77, 
p.103). When comparing predictions with actual usage, the AGO study found that the predictions of 
"bought" energy needed to be modified by a "constraint" factor to more accurately match actual usage. 
The constraint factor reflects a combination of occupancy level and zoning. Constraint factors of 0.45 
and 0.4 for the heating and cooling energy were recommended for Victoria households (AGO, 1999; 
Figure 1, p.9) and these values have been used.  
 
In this study, primary energy consumption has been considered, rather than "bought" or delivered 
energy. Factors of 1.3 and 3.42 have been used to convert delivered energy to primary energy for gas 
and electricity respectively, and these have been used in this study. Accordingly, operational energy 
consumption figures for each year were determined by using the general relationship shown below 
(Eqn 1). 
 
1......................... EqnPEACFUEOE ×÷××= η  
where: 
 UE = unconstrained energy use prediction (MJ m-2) 
 CF = constraint factor (dimensionless) 
 A = house area (m2) 
 η = appliance efficiency (decimal) 
 PE = primary energy ratio (dimensionless) 
3.2. Embodied Energy 
The normal approach to calculating the embodied energy (EE) of a building is to work systematically 
through its specifications, calculating the EE for every building element or component. This is a time-
                                                 
1 The energy required to operate appliances, other than heating or cooling, was not considered 
because this component of overall operational energy is not related directly to the house size or style. 
2 AGO (1999) used a (national average) figure of 3.0 for electricity. The higher figure has been used to 
more accurately reflect Victorian electricity production. 
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consuming process because of the data collection and computational requirements. Much time can be 
saved using national average data from input-output tables (Treloar et al., 2001). Since the houses 
used in this paper were chosen only to be representative of the particular era and no specifications are 
available, a simplified approach has been adopted. 
 
The EE of a house of known specifications has been used as the baseline for the embodied energy 
calculations in this paper. Fay (1999) has calculated the material quantities for a number of Australian 
suburban houses. Using Fay’s data for a brick veneer house with 75 mm of roof insulation and a 
timber floor, the EE was calculated for this study using the method described by Treloar (199?) and 
was found to be 13.16 GJ/m2. This house has been chosen to provide the baseline for this study 
because it is similar to Joe's house in 1970. The key difference between the baseline house and the 
earlier or later houses used in this research are the changes in cladding materials, floor type and the 
insulation level. Since the area of each house is known, its EE has been determined by adding (or 
subtracting) the EE of the changed element to the baseline figure. The EE of the variable elements 
has been calculated using the method described by Treloar (2001) with incremental updates, and is 
shown in Table 3. It should be noted that these figures differ substantially to those cited in Treloar et al 
(2001), AGO (1999, Table 77) and Treloar (1997). This difference is due to updates to the input-output 
data used and the inclusion of the embodied energy of capital investment (Lenzen, 2001), Cassler, 
1983). 
 
Table 3 Embodied energy of variable elements in Joe's houses 
 
Element Embodied Energy (GJ/m2 of 
element area) 
Brick veneer 0.56 
Weatherboard 0.39 
75 mm thick roof or wall insulation 0.16 
100 mm thick concrete slab 2.46 
Timber flooring 1.19 
 
Table 4 shows the values of EE coefficients and changes in EE from decade to decade either side of 
the baseline for the houses considered in this study, calculated using the approach described above. 
 
Table 4 Estimated embodied energy of Joe's houses 
 
Year Constructional change Change in EE 
(+/-) (GJ/m2) 
EE Coeff 
(GJ/m2) 
1950 As 1960 but brick veneer replaced by weatherboards - 0.12  12.88
1960 As 1970 but roof insulation removed - 0.16  13.00
1970 None (baseline house) n.a. 13.16
1980 As 1970 but timber floor replaced by concrete slab + 1.27  14.43
1990 As 1980  0.00 14.43
2000 As 1990 but 75 mm wall insulation added +  0.06  14.55
 
Eqn.2 below was used to determine the absolute values of embodied energy (EE) in Joe's home at 
start of each decade. 
 
2...................................................9.0 EqnAEECEE ÷×=  
where: 
 EEC = embodied energy coefficient (GJ/m2) 
 A = house area (m2) and 
0.9 converts to gross floor area (Fay, 1999)  
 
In comparison with the operational energy and energy consumed for work travel, the absolute value of 
EE is an order of magnitude larger. This is because this energy use will be amortized over the life of 
the house, which hopefully will be many decades. Over a typical building life of 100 years, and 
assuming a 20% increase in embodied energy due to refurbishment and renovation, the owner would 
theoretically be annually responsible for 1.2% of the total EE of the house. The operational and travel 
energy use, however, represents consumption in just a single year. In order, to be able to compare 
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and/or sum the three categories of energy use, it has been assumed that Joe is "responsible" for the 
increase in EE because of his decision to build a larger house. Since he upgrades his housing every 
ten years, the EE increase is divided by 10 so that the value of annual embodied energy and 
emissions can be determined. This assumption implies that none of Joe's former houses remain 
empty after he has moved to his new home.  
3.3. Energy for Work Travel 
Distances from the Joe's house to the CBD have been determined at the start of each decade and are 
shown in Table 1. In determining the energy associated with his travel only that associated with work 
has been calculated. It has been assumed that Joe works for 48 weeks of the year and travels to and 
from work on five days per week. It has been assumed that Joe is the only occupant in his car when 
he is using it to travel to work. Joe's mode of travel to work has been either by train or increasingly in 
his own car. His increase in car travel has mirrored the decline in the use of public transport reported 
by Mees (2000). The percentage of his trips made by train and car at the turn of each decade is given 
in Table 5. 
 
Table 5  Percentage of trips to and from work made by train and car 
 
Year Percentage of Trips by Train (%) Percentage of Trips by Car (%) 
1950 75 25 
1960 50 50 
1970 34 66 
1980 23 77 
1990 15 85 
2000 7 93 
 
To calculate the energy used in for the work trips each year, average energy intensity figures in 
Australia for the two modes of transport used have been assumed (Lenzen, 1999). This data includes 
both the direct and indirect energy requirements associated with the travel. The indirect energy 
requirements include the energy used to provide the infrastructure required for both passenger car 
and train travel. Lenzen (1999) assumes an average occupancy for passenger cars of 1.6, but values 
of energy use and emissions for lower occupancies can be calculated from the data in his Table 2. An 
occupancy level of one has been assumed in this study because Joe, like many other drivers, travels 
alone on his work-related trips. The total energy requirements for local train and urban car travel used 
in this paper are 2.8 and 7.0 MJ per passenger-km respectively. 
 
To calculate the travel energy (TE) used in any one year of a particular decade, Eqn 3 was used. 
 
3..................................................))()(( EqnEICPEITPADTTE ct ×+××=  
where: 
 ADT = the annual work distance travelled (km) 
 TP = percentage of train travel 
 EIt = energy intensity of train travel (GJ/km) 
 CP = percentage of car travel 
 EIc = energy intensity of car travel (GJ/km) 
3.4. Greenhouse Gas Emissions 
All greenhouse gas emission coefficients include the primary energy used in the production of the 
fuels used. The greenhouse gas emissions for heating and cooling have been calculated using the 
emissions coefficients of 0.372 and 0.06 kg per MJ for electricity and gas respectively (EEV, undated). 
These figures include the primary energy used in the production of "bought" energy. Therefore, the 
operational energy figures were reduced by dividing by the PE factors, prior to calculating the 
greenhouse emissions, to avoid their double counting. To calculate the greenhouse gas emissions 
associated with Joe's work related travel, direct conversion from kilometres to kilograms has been 
made using emission coefficients of 0.27 and 0.55 kg per passenger-km for train and car travel 
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respectively (Lenzen, 1999). The greenhouse gas emissions associated with the embodied energy in 
the materials used in Joe's houses have been calculated using a constant figure of 70 kg/GJ (AGO, 
1999; Table 77, p.103). 
4. RESULTS AND DISCUSSION 
Figure 1 shows the annual values of Joe's energy "use" due to house size, style and travel at the start 
of each decade. Figure 1 indicates that, in absolute terms, Joe's energy use is rising every year. In 
fact, over the 50 years, his energy use has risen nearly 300% from 85 GJ to 254 GJ. Until 1970, the 
operational energy requirements were the major component, but from 1980 onwards, travel energy 
becomes the dominant component of the total. The embodied energy (including renovations) 
component varies from 28-45% of the operational energy. It has been suggested that the embodied 
energy of a house (building, furniture and appliances) can be as much as 50% of the operational 
energy of a house over a 100-year timeframe (AGO, 1999). The embodied energy of Joe's home also 
rises continually and in fact has risen by 328%, driven mainly by the increase in the size of his house. 
On a per square metre basis, the EE coefficient has only risen 13% (Table 4). 
 
Figure 2 shows the increase or decrease in energy use from decade to decade and relative to the 
1950 level, reflecting the changes in Joe's housing size, style and travel preferences from that date. 
Energy use for travel rises continuously and at the greatest rate, as Joe travels further and uses his 
car more often. The continuous improvements in the building shell e.g. insulation, concrete slab and 
brick veneer construction almost keep pace with the increase in operational energy due to the 
increase in house size, particularly up to 1990. The large increase in house size (59%) in the final 
decade produces an increase in demand for operational energy that cannot be compensated for by 
improvements in building shell and this component of Joe's energy consumption starts to rise 
accordingly. 
 
Figures 3 and 4 show the previous energy figures translated into greenhouse gas emissions. Once 
again, emissions due to operational energy use are more or less maintained at the 1950 level for 20 
years, despite the rise in house size by improvements in building shell (Figure 3). In 1980, Joe starts 
to use an air conditioner to cool his house and despite the relative low energy use, the greenhouse 
gas emissions begin to rise because of the high greenhouse intensity associated with electricity use. 
However, the contribution to total emissions from Joe's travel energy use is also rising and 
continuously as he travels further and uses his car more frequently. This increase means that 
emissions associated with travel energy are just over half of the total emissions (51%) by 2000. The 
emissions associated with embodied and operational energy are 22% and 27% respectively at the 
same date. 
 
Figure 4 shows the increase or decrease in emissions from decade to decade and relative to the 1950 
level, reflecting the changes in Joe's housing size, style and travel preferences from that date. In 
terms of the 1950 levels, travel emissions show a steady rise, increasing by nearly 900%. The 
emissions associated with embodied energy increase very gradually until the final decade, when a 
much larger house is built. As in Figure 2, there is a decrease in emissions associated with operational 
between 1960 and 1970 because of building shell improvements even though the house size 
increased. There is then an increase in emissions after 1970 because an air conditioner was installed 
in 1980. Further increases in house size, particularly after 1990, keep emissions associated with 
operational energy rising. In the final decade, operational and embodied energy emissions are rising 
almost as fast as travel emissions due to the combination of large increase in house size and air 
conditioner use.  
5. CONCLUSIONS 
5.2 Joe's Conclusions 
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Well, I certainly didn't realise what an effect my lifestyle decisions were having. In fact, if I had been 
more aware of their impact, I might have made different choices. Now, I am close to retirement, my 
wife and I need to think about where we will live in the coming period of our lives. The current house is 
already too big for us and I really don't enjoy driving all that much anymore. I think our next move will 
be into one of those small energy efficient homes they have started building. I definitely think we will 
need to live closer to public transport, but this really needs to improve to be a viable alternative for us 
to use regularly. 
5.2 Authors' Conclusions 
In terms of the scenario described, house size and overall energy use have almost tripled over the 50-
year period between 1950 and 2000. Their similar increases, however, are not directly related. 
Operational energy and embodied energy use are a direct function of house size but improvements to 
the building shell restricted operational energy growth, particularly in the first three decades. Overall, 
operational energy use has risen by 61% over the 50 years. The main driver responsible for the 
increase in overall energy use has been the energy for travel, which have risen from 13% to 43% of 
the total energy use. At this level, travel energy now exceeds operational energy, which in the year 
2000 was 36% of the total. Despite the continuous increase in house size, embodied energy peaks at 
21% of the total at the end of the scenario period. 
 
In terms of greenhouse gas emissions, a slightly different picture emerges. The emissions associated 
with operational energy have fallen from a high of 56% in 1950 to just over a quarter (27%) of the total. 
Transport energy emissions, on the other hand, have risen from 21% of the total to 51% of the total by 
2000. Embodied energy emissions have remained between 18% and 24% of the total over the entire 
scenario period. 
 
The energy use (and associated emissions) for travel has grown nearly nine times during the scenario 
period defined because of the distances travelled and the decline in public transport usage. While 
emphasis on building shell improvement needs to continue to counteract increasing house size, there 
is an urgent need to reduce travel energy use, both for resource consumption and greenhouse gas 
emissions reduction, in future residential development in Melbourne. 
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Figure 1 Energy use due to size, style and travel since 1950 
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Figure 2 Increase in energy use from 1950 level due to size, style and travel 
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Figure 3 Greenhouse gas emissions due to size, style and travel since 1950 
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Figure 4 Increase in greenhouse emissions from 1950 level due to size, style and travel 
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